؉ -T-cell responses correlated with plasma viral load. We conclude that a peptide matrix-based Elispot assay allows for rapid, sensitive, specific, and efficient assessment of cellular immune responses directed against the entire expressed HIV-1 genome. These data also suggest that the impact of T-cell responses on control of viral replication cannot be explained by the mere quantification of the magnitude and breadth of the CD8 ؉ -T-cell response, even if a comprehensive pan-genome screening approach is applied.
Accumulating data indicate a central role of human immunodeficiency virus type 1 (HIV-1)-specific T-cell responses in controlling viral replication (13, 29, 31, 35, 37, 38, 41, 47) . Studies in the simian immunodeficiency virus (SIV)-macaque model show that removal of CD8 ϩ cells in vivo results in a rapid increase in the steady-state level of SIV viremia (27, 43) . In humans, HIV-1-specific CD8
ϩ -T-cell responses have been associated with the decline in viremia during acute HIV-1 infection (13, 31) . The selective immune pressure mediated by CD8 ϩ T cells on the viral genome has been further supported by studies demonstrating viral escape from CD8 ϩ -cytotoxic T-cell (CTL)-mediated immune pressure in HIV-1 and SIV infection (3, 9, 14, 23, 24, 40) . Strong virus-specific CTL responses have furthermore been demonstrated in HIV-1-infected individuals with long-term nonprogressive disease (26) and have been inversely correlated with HIV-1 viremia in some studies (19, 37) . However, other studies did not detect an inverse association between viral load and HIV-1-specific CD8 ϩ cell responses (11) , and the matter remains controversial. In addition, to date most studies investigating HIV-1-specific T-cell responses have focused either on single peptides (37) , restricted panels of optimal CTL epitopes (17, 18) , or a limited selection of HIV proteins (19) , mainly structural in nature. No studies have examined the full breadth of CD8-Tcell responses at the individual epitope level, or even at the protein subunit level, in a large number of infected individuals, and thus, the relationship between breadth of responses and viral load remains undefined.
In this report we comprehensively characterized HIV-1-specific T-cell responses in 57 HIV-1-infected individuals at different stages of HIV-1 infection, using a set of 504 overlapping peptides spanning all HIV-1 proteins (p17-Gag, p24-Gag, p15-Gag, protease, reverse transcriptase (RT), integrase, Vif, Vpr, Vpu, Tat, Rev, gp41-Env, gp120-Env, and Nef), and determined the individual regions containing T-cell epitopes for each individual. To facilitate this analysis, we adapted and evaluated a peptide pool matrix-based screening approach that allows for a comprehensive characterization of T-cell re-sponses using a limited number of peripheral blood mononuclear cells (PBMC) in a gamma interferon (IFN-␥) enzyme-linked immunospot (Elispot) assay. Our results demonstrate that with sensitive assays, HIV-1-specific T-cell responses are detectable in all infected study subjects, and all HIV-1 proteins and in fact all protein subunits can serve as targets for the virus-specific immune response. Both the magnitude and breadth of responses for each individual displayed a wide spectrum and differed significantly among study groups. Although immunodominant proteins and epitope-rich regions within the HIV-1 genome were readily apparent, no correlation between viral load and breadth of cellular immune responses was found.
MATERIALS AND METHODS
Subjects studied. Blood samples from 57 HIV-1-infected individuals at different stages of HIV-1 infection were obtained and investigated in this study. These included 22 study subjects diagnosed and treated during acute or early HIV-1 infection, 11 of whom received continuous highly active antiretroviral therapy and 11 of whom had undergone one or two supervised treatment interruptions (STI). Of the remaining 35 chronically HIV-1-infected individuals, 23 were untreated and 12 received antiretroviral therapy. Study subjects were recruited from the Massachusetts General Hospital (MGH), the Fenway Community Health Center, and the Lemuel Shattuck Hospital in Boston. Relevant clinical and demographic data of all study subjects are summarized in Table 1 . Ten HIV-1-seronegative individuals were studied as control subjects. The study was approved by the respective institutional review boards, and all subjects gave written informed consent.
Lymphocyte separation. Fresh PBMC were separated from whole blood by Ficoll-Hypaque (Sigma, St. Louis, Mo.) density gradient centrifugation. For substudies investigating CD4 or CD8 dependence of HIV-1-specific responses, RosetteSep CD4 and CD8 reagents were used according to the manufacturer's directions (StemCell Technologies, Vancouver, Canada).
Synthetic HIV-1 peptides. Five hundred four peptides, overlapping by 10 amino acids, which were 13 to 18 amino acids in length and spanned the entire expressed HIV-1 clade B genome (Gag, Pol, Vif, Vpr, Vpu, Rev, Tat, Env, and Nef) were synthesized at the MGH Peptide Core Facility on an automated peptide synthesizer (MBS 396; Advanced Chemtech, Louisville, Ky.) using Fmoc chemistry.
Design of peptide matrices. All 504 overlapping peptides were included in five different peptide matrix systems, with Gag, Pol, Env, and Nef as individual peptide matrices while Rev, Tat, Vif, Vpr, and Vpu were pooled into a combined accessory and regulatory protein (Acc/Reg) peptide matrix. Within a given protein matrix, each peptide was represented in two different peptide pools, allowing for the identification of the respective peptide by responses in the two corresponding pools. This is exemplified for the identification of the Nef-4 peptide in Table 2 (e.g., Pool G ϭ peptides Nef-1 to Nef-6; Pool D ϭ Nef-4, Nef-10, Nef-16, Nef-22, Nef-28, Nef-34, and Nef-40) (28) . The number of pools per matrix and the number of peptides per pool depended on the total number of peptides spanning each protein and are summarized in Table 3 . The final concentration of each peptide within a peptide pool was 200 g/ml.
Elispot assays. Elispot assays were performed as described previously (2) . Briefly, fresh PBMC were plated in 96-well polyvinylidene plates (Millipore, Bedford, Mass.) that had been precoated with 0.5 g of anti-IFN-␥ monoclonal antibody, 1-DIK (Mabtech, Stockholm, Sweden)/ml. PBMC were added at a concentration of 50,000 to 100,000 cells per well in a volume of 100 l of R10 medium (RPMI 1640 [Sigma], 10% fetal calf serum [Sigma], 10 mM HEPES buffer [Sigma]) with antibiotics (2 mM L-glutamine, 50 U of penicillin-streptomycin/ml). The final concentration of the peptides in the well was 20 g/ml.
Plates were incubated overnight at 37°C, 5% CO 2 , and developed as described previously (2, 6) . Wells containing PBMC and R10 medium were used as negative controls and were run in triplicate on each plate. Wells containing PBMC and phytohemagglutinin (PHA) served as positive controls. The numbers of spots per well were counted using an automated Elispot plate reader (AID EliSpot reader system; Autoimmune Diagnostika GmbH, Strassberg, Germany), and the number of specific T cells was calculated by subtracting the negative control values. The background was Ͻ30 per million PBMC (three spots/well at 100,000 PBMC/well) in all cases. Responses were regarded as positive if they had at least three times the mean number of SFC in the three control wells and had to be Ͼ50 SFC/10 6 PBMC.
Statistical analysis. Statistical analysis and graphical presentation was done using SigmaPlot 5.0 (SPSS Inc., Chicago, Ill.) and GraphPad Prism 3.0. Results are given as means with standard deviations or medians with ranges. Statistical analysis of significance (P values) was based on two-tailed t tests. Comparisons were made using the Spearman rank correlation test, and linear regression b Measured at time of HIV-1-specific T-cell analysis.
analysis was used to determine the slope. In order to avoid overestimation of the total breadth of the HIV-1-specific CD8 response, we abstained from simply summarizing all peptide responses for a given individual but evaluated responses to two adjacent overlapping peptides as responses to one epitopic region, since some T-cell epitopes can be located in the overlapping region of two adjacent peptides, resulting in responses to both overlapping peptides. Similarly, in the analysis of the total magnitude of HIV-1-specific CD8-T-cell response, we also considered only the higher response of two adjacent overlapping peptides for final calculations. While avoiding overestimation of responses, this conservative evaluation of data can potentially underestimate the total breadth and magnitude of responses, since more than one epitope can be contained within one overlapping peptide (6, 25, 49) .
RESULTS

Efficient assessment of HIV-1-specific T-cell responses using a peptide matrix-based IFN-␥ Elispot assay.
The comprehensive analysis of immune responses to individual HIV-1 peptides spanning the entire HIV genome requires large numbers of PBMC. The use of peptide pools for initial screening offers the possibility of a lower level of specimen usage. We therefore first evaluated a peptide matrix-based approach, using peptide matrices for HIV-1 Nef and Gag. Matrices consisted of pools of peptides in which each peptide was present in two separate pools (see Table 2 for an example), thus offering internal positive controls. These were tested in Elispot assays on 20 HIV-1 infected individuals in parallel to Elispot assays using the individual 40 Nef peptides and 94 Gag peptides in separate wells as the current "gold standard." The sensitivity of the matrix approach was calculated by dividing the number of responses detected in the peptide matrix by the number of responses detected by use of individual peptides. Specificity was calculated by division of the expected number of positive peptide pools based on the peptide responses identified using individual peptides by the number of positive peptide pools in the matrix approach. The use of peptide matrices for the detection of peptide-specific T-cell responses had a high sensitivity, 94 and 98% for Gag and Nef matrices, respectively (98 and 100% for responses of greater than 200 SFC/10 6 PBMC, respectively). The specificity was found to be 97 and 98.5% for Gag and Nef, respectively. Furthermore, the number of T-cell responses to individual peptides detected via peptide matrix correlated well with the number of responses detected by use of individual peptides as depicted for the Gag and Nef matrices in Fig. 1 .
This matrix method was subsequently evaluated for the total set of peptides spanning the entire HIV-1 genome and showed equally high sensitivity and specificity for the Env (94 and 98%, respectively), Pol (93 and 97%, respectively) and Rev/Tat/Vpr/ Vpu/Vif matrices (97 and 99%, respectively). No HIV-1 T-cell responses were detectable for the 10 HIV-1-negative individuals screened by either of the two methods (data not shown). CD4
ϩ -and CD8 ϩ -T-cell depletion studies showed that more than 95% of responses were CD8 ϩ T cell dependent (data not shown). In addition to the high sensitivity and specificity, the matrix approach also limited the number of cells required. These data indicate that the peptide matrix approach allows for a highly sensitive and specific detection of HIV-1-specific T-cell responses against the entire expressed genome using a limited number of PBMC and that pooled peptides can accurately detect polyclonal CD8-T-cell responses.
The majority of HIV-1 peptides and all HIV-1 protein subunits are targeted by virus-specific CD8
؉ -T-cell responses. Using the above-described peptide matrix approach, we screened a total of 57 HIV-1-infected individuals for CD8
ϩ -T-cell responses against the entire expressed HIV-1 genome in order to comprehensively assess the total breadth and magnitude of virus-specific responses on the single peptide level. All T-cell responses to peptides identified by the matrix approach were subsequently reconfirmed individually in a second assay. These studies revealed that all HIV-1 proteins and protein subunits can serve as targets for HIV-1-specific CD8-T-cell responses (Fig. 2) . Of the 504 overlapping peptides, 320 (63%) were targeted by T cells in this study, indicating that at least two-thirds of the expressed HIV-1 genome can be immunogenic. The percentage of peptides targeted within the individual proteins displayed a large variation, with 91% (40 of 44) of p24-Gag peptides recognized at least once, while only 21% (3 of 14) of Vpu peptides served as targets for HIV-1-specific CD8 T cells (Table 4) . The mean magnitude of responses to individual targeted peptides was 430 (range, 50 to 2,300 SFC/ 10 6 PBMC). The individual peptides were targeted at different frequencies. While some peptides were only recognized by one study subject, others were targeted by several individuals independent of their HLA types (Fig. 2) Table 5 ). These regions also represented very highly conserved regions of the HIV-1 genome with 90, 94, and 97% sequence conservation among published clade B sequences (obtained from hiv-web.lanl.gov /cgi-bin/EPILIGN). The distribution of the individual peptide responses and their frequency of recognition in the total study cohort of 57 HIV-1-infected individuals across the entire expressed HIV-1 genome is summarized in Fig. 2 . Nef and p24-Gag emerged as the proteins containing the most widely targeted peptides; however, peptides recognized by more than 20% of study subjects were also found within RT and integrase ( Fig. 2 and Table 5 ). Taken together, these data demonstrate that HIV-1-specific T cells can target all HIV-1 proteins and that at least two-thirds of the expressed HIV-1 clade B sequence can be immunogenic. Dominant recognition of Nef and p24-Gag by HIV-1-infected persons at differing disease stages. All study subjects had detectable T-cell responses to at least one HIV-1 protein.
In the entire group of 57 HIV-1-infected individuals studied, Nef and p24-Gag were the most frequently recognized protein subunits. These were targeted by 95% and 88% of the tested individuals, respectively, followed by RT and p17-Gag (86 and 75%, respectively). Considering whole proteins rather than protein subunits, Gag (p15, p17, and p24), Nef, and Pol (Int, RT, and Prot) dominated the frequency of recognition, with 96, 95 and 95% of study subjects targeting these proteins, respectively. When adjusted to amino acid length, p17-Gag, Nef, and p24-Gag emerged as the most frequently targeted antigens. The subgroup analysis showed that irrespective of the status of HIV-1 disease, p24-Gag, RT, and Nef were always among the four most frequently targeted HIV-1 proteins (Fig.  3a to d) . Adjusted to the amino acid length of the corresponding protein subunit, p24-Gag and Nef were still among the four most frequently recognized proteins in all study groups, while RT was less frequently targeted ( Fig. 3e to h ). In contrast, p17-Gag was by far the most frequently recognized protein subunit after adjusting for protein length in the chronic untreated subgroup and emerged with the second-highest recognition scores in all other groups (Fig. 3) . Concordant with previous reports, when results were adjusted to amino acid length of the protein, Vpr was the most frequently targeted protein in the subgroup of individuals treated during acute infection and undergoing STI (5) .
Overall these data show that all study subjects, regardless of disease stage or treatment history, had detectable HIV-1-specific T-cell responses and that Nef and p17-Gag emerged as the most frequent targets when adjusted to amino acid length of the protein subunit, followed by p24-Gag, while Vpu was the least-frequently recognized protein.
Breadth and magnitude of the total HIV-1-specific CD8 ؉ -T-cell response are lowest in individuals treated during acute HIV-1 infection and highest in chronically infected untreated subjects. We next analyzed the breadth of the CD8 ϩ -T-cell response against all HIV-1 protein subunits. None of the study subjects had detectable responses to all 14 HIV-1 protein subunits; however, the number of protein subunits targeted per patient ranged from 1 of 14 for an individual treated during chronic HIV-1 infection to 13 of 14 for an untreated chronically infected individual with long-term nonprogressive disease. Individuals with untreated chronic HIV-1 infection and acutely treated patients after one or two cycles of STI recognized significantly more protein subunits (median, 9; range, 5 to 11; and median, 9; range, 6 to 13, respectively; P ϭ 0.73) than individuals with treated acute infection (median, 4; range, 2 to 7; P ϭ 0.001 and 0.001, respectively) and treated chronic infection (median, 6 range, 1 to 10; P ϭ 0.001 and 0.001, respectively).
In order to take this analysis to higher resolution, we next investigated how many individual epitopic regions within the HIV-1 proteins and subunits were targeted by each study subject. The number of epitopes targeted per study subject ranged from 2 to 42 (median, 14) in this cohort. In the subgroup analysis, once again chronic untreated individuals and the acute/STI group recognized the highest number of epitopic regions, with medians of 18.5 (range, 8 to 42) and 18 (range, 9 to 26), respectively (Fig. 4a) . The individual with the highest number of peptides targeted was an HIV-1 long-term nonprogressor with a viral load below the limits of detection (Ͻ50 HIV-1 RNA copies/ml) in the context of untreated chronic HIV-1 infection.
We next examined the total magnitude of responses against the entire expressed HIV-1 genome. In order to avoid overestimation of the total CD8 ϩ -T-cell response, responses to two adjacent overlapping peptides were counted only once, as outlined in Materials and Methods. The magnitude of responses ranged from 280 SFC/10 6 PBMC in an individual treated during acute HIV-1 infection to 25,860 SFC/10 6 PBMC in an individual with untreated chronic nonprogressive HIV-1 infection mentioned above (median, 4,245 SFC/10 6 PBMC) (Fig.  4b) . In the subgroup analysis, significantly lower-magnitude responses were found with subjects with treated acute infection (median, 890 SFC/10 6 PBMC; range, 280 to 3,490) than in chronically infected treated subjects (median, 2,568 SFC/10 6 PBMC; range, 480 to 10,110; P ϭ 0.001), the acute/STI group (median, 5,340 SFC/10 6 PBMC; range, 2,710 to 14,730; P ϭ 0.023), and chronically infected untreated individuals (median, (Fig. 4b) . Not surprisingly, the magnitude of the total HIV-1-specific CD8-T-cell responses correlated significantly with the breadth of responses as measured by both epitopic regions and targeted protein subunits (P Ͻ0.001 and 0.001, respectively) (Fig. 5) .
Taken together, these data indicate that T-cell responses in individuals on antiretroviral treatment, and particularly in individuals treated during acute HIV-1 infection, are significantly lower and more narrowly directed than in individuals with untreated or intermittently treated HIV-1 infection. They also demonstrate that CD8
ϩ -T-cell responses can be very broadly directed in the setting of uncontrolled viremia.
Differences in protein targeting in acute and chronic HIV-1 infection. We next assessed the contribution of the individual proteins to the total magnitude of the HIV-1-specific CD8 responses in the four subgroups. In both subgroups of individuals treated during primary HIV-1 infection (with or without subsequent STI), HIV-1 Nef was the HIV-1 protein that contributed most importantly to the total HIV-1-specific responses, with 42 and 19%, respectively ( Fig. 6a and b) . Among the individuals with treated or untreated chronic HIV-1 infection, p24-Gag dominated the relative magnitude of the virusspecific CD8 response, with 31 and 26%, respectively ( Fig. 6c  and d ). This decrease in the relative contribution of Nef to the total magnitude of HIV-1-specific response in chronically infected individuals does not reflect decreasing Nef responses in absolute numbers, but rather the increased contribution of the other proteins, particularly p24-Gag, to the total response in the chronic phase of infection. In contrast, for all subgroups the regulatory proteins (Rev and Tat) and accessory proteins (Vif, Vpr, and Vpu) on average contributed least to the total magnitude of the CD8-T-cell response. In the analysis of whole proteins rather than subunits, total Gag contributed most importantly to the total magnitude of responses for both chronic and untreated individuals, followed by Pol, Nef, and Env. In contrast, for individuals with acute treated HIV-1 infection, Nef remained the dominant contributor to the total magnitude of response, followed by total Gag, Pol, and Env.
Taken together, these data suggest differences in patterns of protein recognition between the acute and chronic phase of HIV-1 infection, with preferential targeting of HIV-1 Nef during acute infection. These data also demonstrate that for the whole study cohort as well as in the subgroup analysis, Ͼ70% of the total magnitude of responses is directed against the three HIV-1 proteins Gag, Pol, and Nef.
Plasma viral load does not correlate with breadth and mag-
Comparison of breadth and magnitude between the different study groups. Panel a summarizes the number of epitopic regions targeted per individual in the different study groups, while panel b indicates the total magnitude of the CD8-T-cell response to the entire expressed genome per individual (measured by Elispot and given in SFC/10 6 PBMC). For both panels the median number of regions targeted and median magnitude for each group are indicated as horizontal black bars. P values were calculated using a two-tailed t test.
FIG. 5. Correlation between total magnitude and breadth of the HIV-1-specific CD8
ϩ -T-cell response. The top panel shows the correlation between total magnitude of the HIV-1-specific CD8
ϩ -T-cell response in SFC/10 6 PBMC (as measured by Elispot) to the total number of epitopic regions targeted per individual. The bottom panel shows the association between the total magnitude of the HIV-1-specific CD8
ϩ -T-cell response and the number of protein subunits recognized per study subject.
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on July 10, 2017 by guest http://jvi.asm.org/ nitude of total HIV-1-specific CD8-T-cell responses. A proposed correlation between viral load and HIV-1-specific T-cell responses remains controversial. While some previous studies have suggested that the number of HIV-1-specific CD8 T cells inversely correlates with the plasma viral load (19, 37, 46) , others have found no such correlation (16, 21) , and more comprehensive studies have found a positive correlation between specific CD8 ϩ -T-cell frequency and viral load (11) . None of these studies examined responses at the individual peptide level. We investigated the potential association between plasma viral load and three entities: magnitude of the HIV-1-specific CD8-T-cell response, number of protein subunits targeted, and number of individual epitopic regions targeted in the subset of 23 individuals with untreated chronic HIV-1 infection. The results indicate that there is no correlation between viral load and either breadth or magnitude of the total virus-specific CD8-T-cell response (Fig. 7) . We also performed the analyses regarding breadth and magnitude for all 14 individual subunits as well as Gag (p17, p24, and p15), Pol (Prot, RT, and Int), and Env (gp120 and gp41) as total protein entities and failed to detect a statistically significant correlation with plasma viral load (data not shown).
These data suggest that the influence of CD8 ϩ -T-cell responses on plasma viral load is not be explained by the mere quantification of magnitude and breadth of the T-cell responses, even if a comprehensive pan-genome screening approach is applied.
DISCUSSION
Cellular immune responses are believed to play a pivotal role in the control of HIV-1 infection; however, the total magnitude and breadth of virus-specific responses directed against the entire expressed genome of HIV-1 has never been assessed at the level of the responses to individual epitopes. Recent advances in methodology, in particular flow-based intracellular cytokine staining and the Elispot assay, now allow for a more comprehensive and precise analysis of HIV-1-specific T-cell responses. In the present study, we used an IFN-␥ Elispot assay rected. However, despite the detailed pan-genome analysis and broad and high-frequency responses detected in this study, no significant correlation to markers of disease progression was observed. These data also show that the use of peptide matrices for the comprehensive pan-genome assessment of virusspecific T-cell responses is highly sensitive, specific, and specimen saving, making it an attractive tool for large-scale clinical or vaccine trials.
Recent vaccine studies in the nonhuman primate model have shown encouraging results regarding attenuation of disease progression following induction of robust SIV-specific CD8
ϩ -T-cell responses (7, 10, 44) . These vaccine candidates and others will be moving into human clinical trials in the near future, and a comprehensive analysis of HIV-1-specific T-cell responses directed against the entire viral genome will be needed to evaluate the immunogenicity of these and other vaccines in humans. Hence, rapid and practicable screening methods applicable for use in larger scale trials, preferably also adaptable to resource poor settings, need to be devised. The IFN-␥ Elispot assay is a simple and reliable method that has been widely used for the analysis of T-cell responses in viral and parasitic infections (20, 32-34, 39, 48) and malignant diseases (30, 45) and has been successfully utilized in resourcepoorer settings with more basic laboratory facilities (22) . In the present study we demonstrate that the Elispot assay can easily be adapted to perform whole HIV-1 genome T-cell analysis with high sensitivity and specificity, allowing a detailed assessment of the exact regions targeted and the number of epitopes recognized using only limited numbers of PBMC. This may make this approach a practical tool for vaccine studies and clinical trials.
Most previous studies on HIV-1-specific CD8-T-cell responses have focused on either single epitopes (37) , panels of optimal epitopes (17), single HIV-1 proteins (50), or a limited selection of HIV-1 proteins (1, 2, 4, 5, 19) , often structural in nature. The comprehensive approach used in this study showed that all HIV-1 proteins serve as targets for HIV-1-specific CD8 ϩ T cells, displaying an unprecedented breadth and magnitude of the total HIV-1-specific T-cell response. To our knowledge only one other report in the literature has assessed HIV-1-specific T-cell responses directed against the whole expressed HIV-1 genome in a larger study population (11) . In that study, Betts et al. used pools of pan-genomespanning overlapping peptide pools in intracellular cytokine staining assays to assess the total magnitude of T-cell responses to all HIV-1 proteins in untreated HIV-1-infected individuals. In line with our findings, all of their untreated study subjects had detectable HIV-1-specific CD8-T-cell responses to HIV-1 Gag, and all HIV-1 proteins served as targets for HIV-1-specific T cells, with HIV-1 Gag, Nef, and Pol being among the most frequently targeted proteins and Vpu being the least immunogenic HIV-1 protein. However, while the study of Betts et al. focused on the magnitude of responses to whole proteins and measured breadth as the number of proteins recognized per individual, our study takes these findings a step further and assesses the individual peptides containing CD8
ϩ -T-cell epitopes targeted within all HIV-1 proteins. This more detailed study demonstrates that a very high number of epitopic regions (up to 42) can be recognized by HIV-1-specific T cells in a single individual and frequencies of total HIV-1-specific CD8
ϩ T cells as high as 25,860 SFC/Mill PBMC can be detected. However, of note is the finding that the persons with the greatest magnitude of responses included one long-term FIG. 7 . Correlation between viral load and breadth and magnitude of the total HIV-1-specific CD8-T-cell response. The association between HIV-1 RNA and the number of epitopic regions targeted per individual (top panel), the number of protein subunits recognized (middle panel), and the total HIV-1-specific magnitude as measured by Elispot (in SFC/million PBMC) (bottom panel) is depicted. Viral load in plasma (HIV-1 RNA copies/ml) was determined at the time of T-cell analysis for each individual. P values shown in each panel were determined by the Spearman rank correlation. The solid line represents a regression line, and all graphic representation was performed using Graphpad Prism 3. Plasma viral loads of Ͻ50 were expressed as 49 for statistical analysis.
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on July 10, 2017 by guest http://jvi.asm.org/ nonprogressor with an undetectable viral load, as well as a progressor with a high viral load. These data emphasize again that the response to a single HIV-1 epitope is not predictive of the entire response within an infected individual, since multiple HIV-1 proteins are recognized in every HIV-1-infected patient, as indicated in previous reports (12, 18) . However, breadth and magnitude of virus-specific T-cell responses differed significantly among individuals at different stages of HIV-1 infection. While individuals with treated acute and chronic infection had narrowly directed HIV-1-specific responses with low magnitudes, chronically infected untreated individuals and individuals after supervised treatment interruptions had broader responses of higher magnitude, suggesting a broadening of the HIV-1-specific T-cell response with continuous exposure to antigen (5) .
In the detailed analysis of epitopic regions the most frequently targeted peptides were detected in HIV-1 Nef, with up to 45% of individuals recognizing the sequence TYKAAVDL SHFLEK, followed by the Nef peptide VTPQVPLRPMTYK AA (34%). HIV-1 Nef was also the most frequently recognized protein and contributed most importantly to the total HIV-1-specific response in individuals with acute HIV-1 infection. These data suggest that Nef may play a privileged role in the immunodominance of HIV-1-specifc T-cell responses. A recent report by Yusim et al. suggests that frequency of recognition of a response is in part a function of sequence variability with HIV-1-specific CD8
ϩ -T-cell responses clustering within more conserved regions of the virus (51). In our study, indeed all peptides targeted by Ͼ20% of individuals (Table 5) were highly conserved among published clade B sequences. In contrast, the more variable HIV-1 proteins Vpu, Tat, and Rev (51) were overall the least frequently targeted proteins, as described previously (1, 2, 4, 46) . A limitation of current studies of virus-specific T-cell responses is that the sets of overlapping peptides used for the assessment of responses are based on sequences of primary HIV-1 isolates or clade B consensus sequences. The use of such sequences is likely to favor detection of responses in well-conserved areas of the genome, since differences between the autologous virus sequence and the peptides used for the assays are smallest within these regions. In contrast, there is strong evidence from the SIV-macaque model, using peptide sequences based on the infecting virus for the assessment of T-cell responses, that variable proteins, such as Tat, are consistently detected in early infection and may contain immunodominant responses (3, 36) . Therefore, studies comparing consensus or primary strain sequences versus autologous virus sequences for the analysis of HIV-1-specific T-cell responses need to be performed in order to evaluate potential discrepancies. Studies are currently under way to address this issue using autologous versus consensus sequences (M. Altfeld and M. M. Addo, unpublished data).
Despite the impressive breadth and magnitude of responses, no significant correlation between virus-specific T-cell responses and HIV-1 viral load in plasma was observed in this study. While some individuals with good control of viremia were found to have broadly directed HIV-1-specific CD8-Tcell responses of high magnitude, similar breadth and magnitudes of responses were found in individuals with high viral replication. The absence of a negative correlation between viral load and IFN-␥ production of HIV-1-specific T cells is in line with the studies of Betts et al., but in contrast to studies assessing responses to a more limited number of epitopes or HIV-1 proteins that did show inverse correlations (19, 37, 46) . The restriction of the analysis to responses directed against particular regions of the HIV-1 genome in different studies as well as differences in the methods used and the population studied may have contributed to these discrepancies among the different study results. The absence of an association between HIV-1-specific CD8
ϩ -T-cell responses and viral load in the more comprehensive studies suggests that the sole measurement of IFN-␥ production of T cells after stimulation with HIV-1 peptides that are not based on autologous sequences may not be the adequate approach to identifying the correlates of control of viral replication. Future studies, such as the investigation of phenotypic and functional determinants and the "quality" of HIV-1-specific T-cell responses (8, 15, 42) , as well as the assessment of responses against the autologous virus, are therefore needed to identify the correlates of immunemediated control of HIV-1 replication.
Taken together, this study provides a comprehensive analysis of HIV-1-specific T-cell responses and a detailed dissection of the exact epitopic regions targeted and the magnitude of the total HIV-1-specific CD8-T-cell response, using a highly sensitive and specific peptide matrix system. Despite the detection of broad and strong HIV-1-specific T-cell responses, no correlation to HIV-1 plasma viral load was observed in this study, emphasizing the need for studies assessing additional functional and phenotypic parameters as well as the true breadth and magnitude of responses directed against the autologous virus. The finding of very broadly directed and often highmagnitude CD8
ϩ -T-cell responses against HIV-1 in persons who are unable to contain HIV-1 infection suggests that effective therapeutic augmentation of HIV-1-specific T-cell immunity will be a formidable challenge.
